Abstract
to simulate the whisker barrel cortex of rat transmits the vasodilatory signals to the vessels.
23
The feedback from the vessels is in the form of available oxygen for oxidative metabolism 
Introduction

75
The brain is an energy-intensive organ in the human body, consuming around 20% of the total 76 cardiac output even though it constitutes just 2% of the total body weight. Despite the high 77 energy demands of this organ, there seems to be no significant energy reservoir in the neural 78 tissue and the energy is provided in a 'supply on demand' fashion by an increase in blood flow 79 in proximal blood vessels (functional hyperemia) as a response to neural activity. Classical 80 accounts of neurovascular coupling describe the interaction between neurons and cerebral 81 micro-vessels as a unidirectional influence from neurons to vessels. But the dependence of the 82 neurons on the energy substrates delivered by the vessels raises the possibility of a reverse 83 signal emanating from the vessels and influencing neural dynamics.
84
The possibility of a retrograde signal from the vessels to the neurons was first discussed under 85 the name of the hemoneural hypothesis by Moore and Cao(1) . Sirotin and Das(2) showed that 86 under certain conditions the vascular response precedes the neural response. Leithner and 87 Royl(3) demonstrated a decorrelation between blood volume changes and neural oxygen 88 demand. Such studies strengthen the case for a revision of the notion of a master-slave 89 relationship between neurons and cerebral vessels. The study by Filosa and colleagues (4, 5) 90 suggested that vessels can have a direct influence on the neurons not necessarily by releasing of the cerebral vessels on the neurons was also explored from a computational modeling 97 perspective. Gandrakota et al (Gandrakota, Chakravarthy, and Pradhan, 2010) Philips et al(9), desynchronized vascular rhythms were found to improve the efficiency of 106 learning in a neural network trained as an autoencoder. Among the aforementioned set of 107 models, there are either detailed biophysical models at the single unit level or abstract models 108 at a network level. There is a need to create detailed neurovascular models that explore, 109 preferably at a network level, the consequences of a retrograde signal from the vessels to the 110 neurons on neuronal activity and plasticity. This last objective forms the motivation of the 111 present study. In this paper, we develop a network level architecture for neurovascular 112 interaction where the activity of neuron not only influences the vascular activity in the forward 113 direction, but also depends on the feedback from the proximal vessels based on their volume 114 and oxygen saturation.
115
We have selected the rat whisker barrel cortex as the model system for which we develop a 116 neurovascular network model. Devor et al have studied the rat barrel cortex (10-12) where they 117 found that the neural and hemodynamic response have a nonlinear relationship. Dunn et al (13) 118 found that the spatial extents of metabolic variables in neural tissues and hemodynamic 119 variables in nearby vessels are comparable. Although these experiments qualitatively yielded 120 the same results, the quantitative results seemed to vary widely depending on the presence, 121 absence or type of anesthesia given to the animal. The experiments by Martin et al(14) , and 122 Gao et al (15) show that neurovascular coupling in the animal is weaker when it is anesthetized, 123 with an increased latency, which is again a serious challenge.
124
In order to simulate the vascular influence on neural activity and plasticity, a network level 125 model of neural layer and a network of vascular structure that perfuses this neural layer at the 126 level of capillaries are required. The vascular network which perfuses the whisker barrel cortex 127 layer L4 is modeled using a three-dimensional vascular tree architecture which branches and 128 penetrates the neural layer at the level of capillaries. The anatomy of the vascular network is 129 similar to that described by Blinder et al (16) while the vascular dynamics is similar to that of The vasodilation is simplified greatly by using a single variable to represent all possible 
154
The parameters of the model are optimized to simulate the experiment done by Devor et al(11) .
155
The spatial and temporal characteristics of the hemodynamic response in terms of the volume 156 and oxygen saturation agree with the experimental observation. The model is also able to forming barrels as can be seen in the figure.
181
The hemodynamic response following stimulation
182
Hemodynamic response is observed after giving a brief stimulus of 1s duration to the C3 183 whisker. It is characterized by the change in total haemoglobin (HbT) which is analogous to 184 the change in volume, change in oxygenated haemoglobin (HbO) and change in deoxygenated haemoglobin (Hb). The variation of HbT with time is shown in Fig. 3 The hemodynamic response to a whisker stimulus varies throughout the capillary sheet 222 depending on which whisker is stimulated. We considered the total area of the sheet as 
268
The initial dip followed by the slow rise is in agreement to the study by Chhabria et al(8) . If displaying plasticity. Fig. 6 .C shows that the plasticity is more or less preserved under hypoxic 296 condition also as observed by Ranasinghe et al (20) . The fourth condition which is the ischemia 297 combined with hypoxia caused a global reduction in blood flow and due to inadequate feedback 298 from the vessels, the neurons had a very low firing probability. This is due to the increase in 299 the threshold value resulting from a low ATP value. Because of this low firing probability, 300 plasticity does not take place and hence the response map remains unchanged as observed by 301 Ranasinghe et al (20) . The peak response to the stimulus is very low in the hypoxia ischemia 302 condition due to large threshold value. Therefore, the response map shown in this case is not 303 that of the output, but the net input obtained before passing through the sigmoid function.
304
Basically, it is equivalent to displaying subthreshold activity of the neuron instead of the usual 305 spiking response. This is similar to a situation where a neuron which is tuned to a particular 306 whisker does receive the maximal input but due to the raised threshold, it is unable to fire.
307
Because of this, the plasticity of the network is lost as observed in detailed biophysical models (7, 25, 26) and abstract models (6) Fig. 7 .c, a drop of inlet saturation below 65% does affect the plasticity. Similarly,
371
there is a difference in how the plasticity is affected with reduction in arteriolar diameter under 372 normal oxygen supply and hypoxic condition. To the best of our knowledge, a study on how a 373 step by step reduction of blood flow or a step by step reduction in oxygen concentration has
374 not yet been carried out. As seen in Fig.7 .b and Fig.7 
Material and Methods
422
The proposed model for bidirectional neurovascular interaction consists of a three-dimensional 
Neural Layer
430
The neural layer, which represents the V4 layer of rat whisker barrel cortex (42), is modeled 431 using a LISSOM, a biologically plausible model of cortical activity. The LISSOM is a two-432 dimensional network of neurons arranged on a grid as shown in (Fig.8 .
b). Each neuron (N1) is
433
connected to a small region of the input known as receptive field using trainable afferent 
473
The whisker pad on the snout of rats is simulated by considering 24 whiskers arranged as 474 shown in Fig (9.a)(21) . Each blue dot represents one whisker and is identified using the row 475 and column coordinates with numerals 0-4 representing column and A-E representing the rows.
476
The stimulation on each whisker is modelled as a two-dimensional Gaussian function with peak 477 at the location of the whisker being stimulated. The amplitude of the peak of Gaussian function 478 defines the amplitude of the whisker stimulation. The vascular layer is modeled as a 3-dimensional tree structure with arteries branching first on the two dimensional grid (Fig.8.c) . The assumption is that for every neuron, there exists a 491 capillary. It is at the level of capillaries that the oxygen exchange takes place. In this model,
492
we assume that the capillaries as well as arterioles dilate in response to the neural activity. Each 503 Figure 10 shows the complete schematic of the interaction between neural and vascular layer.
504
The neural activity modifies the elasticity factor () which changes the pressure-volume 
Modeling the neural response
513
The LISSOM sheet consists of neurons each of which is indexed using the row and column 514 information in the grid. The net input of each neuron is determined by a weighted contribution 515 of afferent input, total excitatory input from the neurons in the excitatory radius and the 516 inhibitory input from the neurons in the inhibitory radius. The output of each neuron is defined 517 using Eq.1
Where is the afferent weight stage from input layer I to neuronal layer n, is the on their proximity to N1. is the activation function defined as,
Where are the lower and upper thresholds of the sigmoid function. In eqn.
(1), , is 524 a threshold variable whose value depends on the available ATP near the neural tissues. 
527
Where ℎ is defined as the minimum ATP required for proper functioning of neurons.
528
and are set in such a way that the > .
529
All weights are trained using Hebbian learning as shown in eqn. 6 for training lateral 530 connections using asymmetric learning and eqn. 7 for afferent weight training 
Where , is the lateral connection (excitatory or inhibitory) from neuron ( , ) to neuron 532 ( , ), is the learning rate, ( − 1) is the settled presynaptic neuron activity at instance 533 − 1 and ( ) is the settled activity of neuron ( , ) at time t.
Where , is the afferent connection weight from input pixel ( , ) to neuron ( , ) , is the The resistance of each vessel can then be calculated using Poiseuille's law, 
where is the fluid viscosity. The neurovascular coupling arises from the elasticity factor 557 which is a function of neural activity. This factor results in the vasodilation of the proximal 558 vessels. The various pathways that contribute to the vasodilation are considered by 559 incorporating a time delay for the neural influence on the elasticity factor. 
where ∈ [0,1] is the weighted sum of neural activity (N) over an area in the LISSOM at 561 time ( − ), 0 is the at resting state and 1 is a constant. 
569
Where A is the amplitude of the Gaussian, and and are the standard deviations. We 570 allowed the dilation of a given penetrating arteriole to depend on an average of the effective 571 neural activity felt by the branching capillaries originating from that arteriole.
572
The pressure at the center of the vessel ( ) and volume (V) of the vessel are assumed to be 573 related linearly as follows,
An increase in the neural activity causes a pressure drop in the proximal vessels enabled by a 575 reduction in the elasticity factor . The pressure drop caused at edge(s) due to the neural 576 activity causes a redistribution of nodal pressures. The redistributed pressure is calculated by 577 rewriting flow balance at a node in terms of nodal pressures and edge presures.
578
The change in pressure, in turn, redistributes the flow of blood into the vessel and out of the 
At rest, = . Neural activity induced changes in pressure disturbs this equality causing 583 vasodilation or constriction. This causes a change in the volume given by. 
Where is a constant representing the concentration of hemoglobin. Once the saturation of 
The change in oxygen saturation in a vessel brings about a change in the partial pressure of 
618
The increased oxygen metabolism results in a dip in the partial pressure of oxyen at the tissues.
619
The rate of change of partial pressure of oxygen at the tissues depends on the total oxygen flux 620 to the tissues ( ) from the vessels and the rate of oxygen metabolism (CMRO2) 
Where K4 is a constant. The first term ensures that the ATP values return to their resting values 648 when there is no production and consumption. The second term indicates the net increase in
649
ATP by considering the production of ATP proportional to the percentage of increase in 650 CMRO2. The third term indicates the consumption of ATP proportional to the neural activity.
651
The above equations are solved using DDE23 and Euler method in MATLAB to find the 652 hemodynamic responses to neural activity.
653
The training paradigm
654
The LISSOM network is trained using the whisker stimulation input (Gaussian activation stimuli from all the six whiskers. In the lesioned condition, one row of the whisker is assumed 670 to be lesioned and hence retraining is carried out with just the stimuli from intact whiskers. The 671 vascular feedback is healthy in this condition. In the model, we assume that the C whiskers are 672 lesioned (the whiskers C1,C2 and C3 in fig.9 .b). Hence, we train the network only by using the 
